Education-Harrow and R.M .A. Woolwich
Charles Ellis was born on 11 August 1895 at 106 B roadhurst Gardens, Hampstead, London, the son of Abraham Charles Ellis and Isabelle Flockhart Ellis {nee Carswell). His father appears on the Woolwich Register as 'Retired General M anager, M etro Railway, L ondon'. It is thought that his training was in law, but beyond this meagre scrap of information we have been able to glean nothing of his parentage and antecedents. T he young Ellis went first to Peterborough Lodge Prepara tory School in H ampstead and from there he won a Scholarship to Harrow. His time at Harrow, from 1909 to 1913, in the 'K noll' seems to have been uniformly happy, and successful in all that he attem pted. He won the Neeld Medal for M athematics in 1912, and became a M onitor, and won the McCall Scholarship in 1913. He excelled in athletic pursuits and was Victor Ludorum in those same two years. He passed third in order of m erit into the Royal M ilitary Academy, Woolwich, and entered there on 3 September 1913, as a cadet, in preparation for his chosen Army career in the Royal Engineers.
Tw o of his contemporaries at the 'Shop', Lord M eston, then the Hon. Dougall, and Brigadier John W edderburn-M axw ell D .S.O ., M .C., have w ritten about Ellis as they knew him, and together with the information from the Librarian of the Royal M ilitary Academy, now at Sandhurst where the records are kept, we are able to compile the following, necessarily very brief, outline of his two terms at the R.M .A. 'Charles was first in everything. He was the head of the term of sixty or seventy cadets; he was first in the results of numerous examinations. Both in the physical as in the mental field he was the leader. He was in the first eleven of the appropriate sport at the different seasons of the year.'
Internment in Ruhleben, 1914-18
Summ er T erm at the R.M .A. ended in July and the cadets scattered to their several places of enjoyment. Ellis chose to go with a party to Germany; it was a holiday and an opportunity to brush up his German. In the normal course of events they would re-assemble in Septem ber for a further term. There was no thought at that time of war as imminent, and neither of our inform ants can rem em ber any special arrangem ents for the recall of the cadets in an emergency. However that m ight be, Ellis was trapped by a sudden internm ent order. He may well have been acting on the same advice as was given to James Chadwick, later F.R .S., to wait until the first troop movem ents were over, when there would be no difficulty in the way of taking a train to Switzerland or Holland. T hey met in Ruhleben, an internm ent camp for civilians consisting of the stables and other buildings of a racecourse near Spandau. M any people in England thought that the war, if it had to be, would be over by Christmas; but as the m onths and then the years, dragged on, it m ust have seemed to Ellis that the lost years could never be recovered and his m ilitary career, so full of promise, was finished, while his contem poraries were on active service earning prom otion and honours. T his chance meeting with the future discoverer of the neutron, then an Assistant to Sir Ernest R utherford at M anchester, was to change the whole course of the life of the young Arm y Cadet. Chadwick had been awarded an 1851 Exhibition Research Studentship and had elected to work w ith Professor Geiger at the Reichsanstalt in Berlin, using the newly developed Geiger point counter to study the magnetic spectrum of [3-rays.
Ellis spoke little of the four years in Ruhleben and Chadwick hardly ever m entioned it. Fortunately, a recording was made of an interview that Chadwick had with D r W iener in 1969, a transcript of which was made available to the authors of his biographical memoir; as regards Ellis at Ruhleben we cannot do better than quote freely from it.
'At first there were six men to each cubicle which in normal times housed two horses. Later this was relaxed so that four instead of six men was the normal complement. T he worst features of the in ternm ent were the food and the cold; and inadequate clothing added to the hardships of winter. Discipline was strict and lights were out before 10 p.m. Alternative sources of illumination were, however, improvised.
'A scientific society was formed in the camp and took over part of a condemned barracks as a laboratory. M uch ingenuity was exercised in the fabrication of instrum ents-crude but effective. W ith a home made electroscope Chadwick found that thorium oxide used by a former employee of von W elsbach for toothpaste, was radioactive. Again he built a magnet to investigate the possibility of producing order in liquids through a magnetic field. Soldiers supplied the iron and copper and the coils were wound by hand. T o all this the G erm an officers, even very senior officials, were very tolerant. Permission was given to buy chemicals. T he greatest handicap was the complete lack of scientific literature. Chadwick excited Ellis's interest in physics and they embarked, among other things, on a study of photochemical processes. N ot indeed a serious study, but one that kept their interest alive. In any case it converted Ellis to a scientific career which included outstanding research work at the Cavendish Laboratory that made it a natural association for the names of Rutherford, Chadwick, and Ellis to appear together on the title page of Radiation from radioactive substances.
'Rubens and N ernst took a helpful interest in the work at Ruhleben and both Chadwick and Ellis were allowed to visit them .' T here are references elsewhere to contacts with Planck and Lise M eitner and of equipm ent acquired through the good offices of these G erm an friends, altogether an extraordinary situation viewed from the stand-point of security in W orld W ar II. T he meeting between Ellis and Chadwick and the lasting friendship that developed between these two men, so very different in outlook and upbringing, was to prove of signal benefit to Ellis; probably also to Chadwick who came from a lowly background in M anchester, and left the municipal Secondary School at 16 to go straight to the University, where he came to the notice of Rutherford. He was a shy and diffident young man in 1914, and 'meeting for the first time a wide variety of people on quite intimate term s was when he really began to grow u p '.
There was another meeting in Ruhleben which was to be of equal significance to Ellis. Paula Warzcewska, daughter of a shipbuilder, was librarian in the nearby town. H er first marriage to H. S. Hatfield, an inventor physicist, who had also been interned in Ruhleben, brought her to England as a British citizen after the war.
Cambridge, Ellis lost no time after his release from Ruhleben in making his way to Cambridge where he secured a place at T rinity College and matriculated in the Lent T erm of 1919. U nder the immediate postwar relaxation of rules he was able to take Part I of T ripos in two term s with a first class in M athematics. A year later, in 1920, he took Part II, with a first class in Physics, and the degree of B.A.; the award of a College G raduate Scholarship, enabled him to start on his career of research at the Cavendish Laboratory. On 7 October 1921 he was elected to a Fellowship at T rinity College and was appointed Assistant Lecturer in N atural Science. In that same year he published in the Proceedings of the Royal Society a paper under the title 'Magnetic spectrum of the P-rays excited by y-rays', forerunner of the many papers describing his researches with various collaborators in the following 15 years.
In the year that Ellis matriculated, Sir Ernest Rutherford accepted the appointm ent of Professor of Experimental Physics at the Cavendish Laboratory and with it a Fellowship at T rinity College. He invited Chadwick, who had reported back at M anchester on his return from G erm any, to join him as Research Assistant. T his second meeting with his friend and one-tim e tu to r of the Ruhleben days set Ellis firmly on the path of research. T h e quality of his early research and the volume of publications was recognized in the degree of Ph.D . which he obtained in 1924, and in 1926 he was appointed a U niversity Lecturer.
Ellis had m et his future wife, Paula Warzcewska, in Ruhleben as we have related earlier. T he surnam e is clearly Polish bu t appears in some references as Dantziger; this may have been the form used by her fathera shipbuilder-at a tim e when the family had perforce become G erm an nationals. T h e m arriage to H. S. Hatfield was dissolved and on 20 June 1925 Paula was m arried to Charles Ellis at the St M artin's Registry Office in London. It was to be a long and happy m arriage ending in the sudden death of Lady Ellis through a heart attack while they were on holiday in Switzerland in 1966. T here was one adopted daughter of the first m arriage bu t they had no children of their own. Paula Ellis-she was known to everyone as Polly-was, to put it mildly, a fairly unconventional don's wife: her arrival m ust have come as som ething of a shock wave in the strictly conform ist society of the intellectual hierarchy of Cam bridge in the 1920s. Charles himself was not quite in the ordinary run of hard working scholarship boys from the gram m ar schools, and the many postgraduates from Australia, New Zealand, Canada and other overseas universities all attracted to the brilliant constellation of the Cavendish under Rutherford. Professor Em eritus P. I. Dee, F.R .S., was a contem porary at the Cavendish, some years junior to Ellis. He writes:
'Ellis was a very kind and friendly person. He seemed more " Bohem ian" than most people at the Cavendish, perhaps with rather more outside and social interests. I think that his wife's character added to that impression. I rem em ber how at the R utherfords' parties at Newnham Cottage, where wives and scientists formed separate groups, one discussing household affairs and the other the latest laboratory experiments, M rs Ellis sometimes sang operatic arias which compelled both groups to remain silent for short periods.' D r W. A. W ooster collaborated with Ellis in five papers published in 1927, on work they carried out in 1924-27. He writes:
'Ellis was an enthusiastic researcher and always did his share of the work even when it involved working between m idnight and 3 a.m. for three weeks on end. He was successful in communicating his great interest in scientific research to undergraduates and to fellow re search workers. Charles and his Polish-born wife, Paula, gave parties at the house in Belvoir Terrace which were much enjoyed by the participants.' Professor J. G. Wilson first met him during the session 1930-31 when Ellis ran the Electricity practical class for Part I and found things very different from the main laboratory under C. F. C. Searle: 'In Searle's laboratory what you had to and it was the technical im plem entation that m attered. In the Electrical laboratory you were initially given an objective bu t very little help towards it. If you were stuck or were going wrong, Ellis had a drawer full of notes; seeing your plight he would come to you with a paper from this store which would go some way towards bringing you back to the right p ath .' D r N orm an de Bruyne, F.R .S., refers to his style as a teacher when he explained Boltzman's Law as 'just the higher the fewer'. Sir Nevill M ott, F.R .S., recalls his collaboration with Ellis and concludes-'I feel he did not get enough credit for practically discovering the neutrino'.
Research at the Cavendish
Although in 1920, when Ellis first began research work in the Cavendish Laboratory the general nature of radioactivity and of the radioactive series was well understood, many puzzling aspects remained to be investigated. W hile Rutherford and Chadwick concentrated mainly on a-radioactivity and the use of a-particles for disintegration experi ments, Ellis soon became recognized as the leading figure in (3-radioactiv ity which already appeared to be a more complex phenomenon, involving a continuous and line spectrum of P-rays as well as y-rays. Rutherford suggested to Ellis that he should repeat and extend the experiments of Rutherford, Robinson & Rawlinson (1914) on the photoelectric effect of the y-rays from R aB (^fP b ) and R aC (^B i ) in various metal targets. T he photographic technique used in this work was refined by Ellis into a tool not only for measuring the energy of the photoelectrons which appeared with discrete energies, but also for determ ining the relative intensities of the different energy groups.
He soon established that the line spectrum of p-rays in p-decay arises from an inner photoeffect in which a y-ray em itted from the nucleus is absorbed by an atomic electron-the process known as internal conver sion of y-rays. T hus if v is the frequency of the y-ray, £ a the energy required to remove the electron from the atom, the former will be ejected after absorbing the y-ray with an energy E p where
Since in an atom the possible values of E a are quantized so will those of , giving rise to the line spectrum.
He was then able to establish the existence of energy levels in the nucleus and obtain the main features of the level distribution for radioactive nuclei. He also obtained evidence which showed, contrary to his earlier belief, that in 0-decay the y-ray is em itted after the prim ary 13-disintegration. Perhaps the climax of this set of experim ents was the m easurem ent of internal conversion coefficients for radioactive nuclei, the internal conversion coefficient being the chance that a y-ray suffers internal conversion before leaving the atom. W ith these results it was possible to show that the theory worked out by Taylor & M ott (1932) was satisfactory. T his laid the basis for the extensive application of internal conversion to obtain inform ation about the energy levels of artificial as well as natural radioactive nuclei. All of this work was distinguished by very skilful experim ental techniques in dealing with radioactive substances, using photographic emulsions for quantitative intensity m easurem ents, m easuring magnetic fields and so on. At the same time the physical interpretation of the experim ental results was always masterful and showed how versatile a physicist Ellis was. It m ust be remem bered also that when he began research work, the only basic particles known were the electron, proton and photon while wave mechanics was nearly six years in the future.
His attributes are even more apparent in the other major aspect of his work on |3-rays. He seems to have perceived very clearly at the outset that the continuous |3-ray spectrum was a major puzzle. O thers working in the field were inclined to dismiss the m atter by suggesting that the disintegration electrons lost energy in some way on their passage through the atom or outside. Ellis did not believe in the likelihood of the secondary processes and set up an experiment, with W ooster, to measure calorimetrically the total energy release from Ra E atoms over a suitable time interval. Energy dispersed in secondary processes should neverthe less contribute to the total energy release. T he experiment, which was a technical tour de force, was carried out in 1926-27 and showed con clusively that the secondary processes did not exist. Ellis fully recognized the problem that this left, a problem which he had exposed in its stark reality. Ellis & M ott (1933) discussed the interpretation of the continuous |3-ray spectrum and produced evidence which suggested that the upper limit of the spectrum is equal to the energy difference between the initial and final nuclei. T his was an im portant conclusion in relation to Pauli's suggestion in 1932 that the missing energy in |3-decay is due to emission with the electron of another particle, now known as the neutrino, that interacts very weakly with m atter and so takes off energy w ithout being observed. A year later, after F erm i's theory had appeared, Ellis discussed the application of the theory to the naturally occurring ^-radioactive nuclei and pointed out that the measured shape of the decay curves for T h C -C ' and T h C '-P b support a zero rest mass for the neutrino.
In the latter part of his time in Cambridge, Ellis turned his attention to experimental study of artificial radioactivity which had been discovered in 1934 by Joliot and Curie.
He published four papers with W. J. H enderson the first of which appeared only a short time after the discovery of the phenomenon. These were the last publications before taking up his appointm ent as W heat stone Professor of Physics at K ing's College, London.
We now consider in some detail the different research subjects to which he made such im portant contributions.
The mechanism of y-ray emission T he first experiments carried out by Ellis on R utherford's suggestion (see nos 1 and 2 of Bibliography) were to study quantitatively the photoelectrons produced by the y-rays from radium B (2g2 Pb) and C (2^3Bi) using essentially the same technique as that in the earlier experiments of Rutherford, Robinson & Rawlinson (1914) . T he radio active source, designed to be as nearly linear as possible, was a small tube 10 mm long and 0.7 mm diameter filled with radium emanation which, through its decay, deposited Ra B and C on the tube walls. T he metal under investigation was wrapped as a sheet round the tube. T he electrons em itted from this system pursued semi-circular paths in a uniform magnetic field
Ho f a few hundred gauss to be focused on a pho plate. W ith this geometry electrons of a particular energy produce a line image on the plate at a position determ ined by its energy. A characteristic magnetic spectrum was therefore obtained for a group of photoelectrons. In the first experiments Ellis calibrated the field by comparison with the results of R utherford and Robinson for the magnetic spectrum of the natural p-rays from Ra B. In later work, such as that of Ellis and Skinner, the field was measured directly with a search coil.
Ellis investigated the photoelectrons ejected from U, Pb, Pt, W and Ba. He found that, except for Ba, three main lines appeared in each case.
Assuming the Einstein quantum relation for the photoelectric effect to be valid for y-rays he showed that the lines could be interpreted as due to electrons ejected from the K shell of each atom by y-rays of three different wavelengths. (It is well to remember here that at the time there was no conclusive proof even that the quantum condition applied to photoelectric absorption of such short wavelength radiation.) Moreover, knowing the energy required to eject an electron from the K shell the formula (1) could be used to determ ine the frequency of each y-ray. T his was done by Ellis and represented a major step forward. Previously, measurements had only been possible by crystal diffraction and were limited to wavelengths > 0 .7 A. T he y-rays observed by Ellis had wavelengths ^0 .2 A. In paper 2 he elaborates on this m atter.
T he magnetic spectrum of the natural (3-rays, arising when no metal is present, was also observed and found to agree quite well with that observed by Rutherford, Rawlinson and Robinson. T he natural RaB spectrum was found to resemble closely the photoelectron spectrum of lead due to the R aB y-rays. T his was taken as strong evidence that the natural spectrum arises from an internal photoelectric effect. T he intensity of this spectrum was far too large for it to be due to photo electron ejection from one R aB atom due to p-rays from another.
A further im portant m atter to which Ellis drew attention (2, 3) was the fact that the y-rays m easured from Ra B and Ra C could be derived from a set of energy levels in each case. Pointing out that y-ray quanta are too energetic to arise from the extranuclear electrons, Ellis considered his results as showing the existence of energy levels in nuclei. Since at the time, well before wave mechanics, the emission of a P-ray was taken as definite evidence of electrons existing w ithin nuclei it is natural that at first Ellis and others considered the radiation transitions w ithin nuclei as electron transitions. Somewhat later on the possibility of a-particle transitions was taken more seriously.
A question of considerable im portance concerned the tem poral order of the events in (3-decay. R utherford (1913) had suggested that the disintegration electron is first em itted, followed by the y-ray. However, m easurem ents by R utherford and A ndrade (1914) of the L X -ray spectrum from Ra B agreed very closely with later m easurements of the L X -ray spectrum of lead. Since R aB and lead have the same atomic num ber this suggested that y-rays, which lead ultimately to the vacancies in the atomic structure and hence to the X-rays, are em itted from a nucleus of R aB instead of its daughter nucleus R aC (^fP b ). Ellis accepted, rather naturally, that this evidence was valid. He was never convinced of any hypothesis until experimental evidence was forthcom ing and in this case it appeared to be there. For this reason he disagreed at first with M eitner who considered that the y-rays are emitted after the disintegration electron. However, she also supposed that this electron is ejected with a definite energy, a viewpoint which Ellis also disagreed with. We shall discuss this latter aspect below in connection with the continuous P-ray spectrum.
T h e next major step taken by Ellis was to carry out the experiments with increased accuracy and with H. W. B. Skinner (5) he measured the quantum energy of six P-rays from Ra B to an accuracy of about 1 part in 500. T his was followed by a re-examination of the complete P-ray spectrum of R aB and part of the spectrum of R aC . Ellis & Skinner (6) showed that all the spectra they observed could be interpreted as electrons ejected from K, L, M shells of the outer atom by m onochroma tic y-rays from the nucleus, or by K X-rays of the radioactive atom in question. It was assumed for the reasons described above that the y-rays from R aB were characteristic of the disintegrating nucleus with atomic num ber 82 but they were somewhat perplexed to find that one soft y-ray, studied for the first time, was characteristic of element 83 and not 82. For this y-ray, with energy between that of the K and L absorption edges, the P-ray spectrum showed well-defined groups due to conversion in the Lj, L n, L ju, M, N and O levels. As all three L levels were observed, any ambiguity of interpretation was removed. T he difference in energy of the L 1 and O groups agreed well w ith the Lj-O separation for element 83. For the other y-rays only one group due to conversion in an L level was observed. T he K-L m separation for element 82 is nearly the same as K-Lj or K -L n for 83 so that no unambiguous evidence could be derived from these y-rays.
It is clear that Ellis was very uneasy about all this and devised an experiment which he carried out with W ooster (9) designed to remove the ambiguity. T his experim ent was similar in principle to the very first experiment that Ellis carried out. However, special attention was paid to comparison under similar conditions of the energies of the photoelectrons and of those arising from internal conversion. T he radon source of RaB was enclosed in a thin-walled glass tube 0.4 mm diameter fitted tightly w ithin a platinum tube with walls 0.25 mm thick. Before carrying out an experim ent the outer wall of the platinum tube was exposed to a source of R aB and C. T he photoelectrons from the platinum and P-ray lines from R aB and C were all observed on the same photographic plate so that it was possible to measure the difference in the K shell binding energies of platinum and the em itting nucleus. T he results obtained showed quite definitely that the atomic num ber of the latter is 83 and not 82. Similar evidence was obtained in a num ber of other experiments carried out at about the same time by Black (1924) and by R utherford & W ooster (1925) . It appeared that the original m easurements of R utherford & Andrade (1914) were in some way invalid. Ellis accepted completely the new situation which was thoroughly discussed in a further paper with W ooster (10) in which the interpretation of the m easurements of Ellis and Skinner was modified in the light of the new evidence. In this paper a characteristic footnote is added at the beginning of a discussion of y-ray emission. It reads as follows:
'T he emission of the y-rays has been discussed several times both by M eitner and Ellis since the first evidence of quantum states in the nucleus was obtained but whereas Ellis endeavoured to combine this with emission before the disintegration M eitner adopted the view which has now been proved to be correct. T he difference between the points of view is otherwise small, but we would emphasize that the credit of first giving a generally acceptable account is M eitner's and therefore in respect of priority our present hypothesis is to be regarded as a possible extension of M eitner's standpoint.'
Internal conversion coefficients U p to this stage almost all attention had been concentrated on the measurem ent of the energies of the y-ray lines and their interpretation.
Because it was more difficult to measure intensities there had been little consideration of this aspect. However, in the paper by Ellis & Skinner (6) referred to above, an estimate was made of the probability that a y-ray would undergo internal conversion, the internal conversion coefficient. T hey pointed out that intensity m easurem ents made by ionization m ethods of the three strong p-ray lines from Ra B indicated that at least one electron was produced for every ten atoms disintegrating. Judged in term s of the ordinary absorption coefficient for y-rays this seemed to be very high. Ellis then em barked on a program m e with G. H. Aston directed towards the m easurem ent of internal conversion coefficients. T his involved accurate intensity m easurem ents with the photographic technique.
Ellis & W ooster (12) had already investigated the photographic action of P-rays so that they were able in a later paper (13) to report m easurem ents of the relative intensities of the different p-ray lines from R aB and C. After extending the study of the photographic action of Prays in work w ith G. H. Aston (17), the stage was then set for the remarkable measurem ents (19) made by the same two authors on the absolute intensities and internal conversion coefficients for the y-rays of Ra B and C. T he m ethod used was ingenious but required a great deal of analysis to derive the final results. Essentially it consisted in the m easurem ent of the peak heights for production of photoelectrons from the K shell of platinum by Ra B and C y-rays to those of the natural Prays from conversion in the K shell. T he form er were produced by enclosing 100-150 millicuries of radon in a platinum tube about 0.3 m m in diameter and the latter by exposing a platinum wire to radon. Extraction of the internal conversion coefficient and the y-ray intensity from the m easurements depended on an elaborate analysis and in any case required a knowledge of the photoelectric absorption coefficient of platinum for the y-rays. No measurements of this quantity were available at the time but it was obtained from a semi-empirical formula. It says a great deal for the physical acumen of the investigators that the results they obtained have stood the test of time at least to an accuracy of 25% or so. If aK, aL, aM... are the contributions to the internal conversion coefficient a from conversion in K, L, M ,..., etc. shells respectively then a = aK + aL + aM+ .... From the experiments aK/(l-a) was obtained. By using the relative intensities measured earlier by Ellis & W ooster (14) the separate aK could be obtained. For Ra B y-rays a was found to be quite large (between 0.1 and 0.2) but very much smaller for the Ra C y-rays, being 0.0062 at most.
Meanwhile the theoretical aspect of the subject had been in a confused state. An early non-relativistic quantum calculation by B. Swirles (1927) agreed with the crude classical estimates made by Ellis & Skinner (6) in predicting much too small a value for a (at least for Ra B). T here was also debate as to w hether the process proceeded by direct interaction of an orbital electron with an actually em itted y-ray or by an interaction of the nucleus as a whole with the atomic electrons, leading either to radiation or to electron emission. T he need for the latter approach became evident when no experimenter, including Ellis, was able to observe a y-ray responsible for the strong group of photoelectrons which would corre spond to a y-ray energy of 1.426 MeV.
A fully relativistic theory of the process was worked out in 1932 by H ulm e and by Taylor & M ott, in which they treated the nuclear-atomic electron interaction as giving rise to either an effective electric dipole or quadrupole moment acting on the electrons. T he internal conversion coefficient was found to be much larger for the latter case. Agreement w ithin 30% was obtained with the m easurements of Ellis & Aston if the Ra B lines are due to nuclear quadrupole and the Ra C to nuclear dipole moments. In a later paper Ellis & M ott (28) discussed also the evidence from the T h C-C', T h C '-Pb and T h B -C transform ations and were able to assign dipole or quadrupole character in many cases. T he radiationless transition referred to above is associated with nuclear transitions violating the radiation selection rules (Fowler 1930) and giving rise to an effective interaction with the atomic electrons which has no polarity. At this stage the understanding of internal conversion, or more properly (3-ray line emission, had reached a stage which has only been modified in detail by later work. For quite some time the subject had been a very lively one in the Cavendish Laboratory-a debate between Ellis, R. H. Fowler and N. F. M ott during that time was always very well worth hearing.
Long range a-particles and y-rays
Before we discuss the other thread through Ellis's work, the con tinuous |3-ray spectrum, it is interesting to note that the study of long range a-particles brought his work into a close association with some of R utherford's special interests. Rutherford, W ard & Lewis (1931) had identified nine groups of a-particles of different energies emitted by Ra C' formed from Ra C, in addition to the group arising from the normal mode of disintegration. According to G am ow's theory of a-particle decay these a-particles m ust correspond to nine different excited states of the Ra C' nucleus produced when a (3-ray is emitted from Ra C. It was found that in many cases the energies of the y-rays from Ra C observed by Ellis and his collaborators corresponded to transitions between these states. Thus, aparticles instead of electrons m ust be regarded as the particles producing the y-rays through quantum jum ps between allowed states. Rutherford & Ellis (23) in 1931 followed this concept through in much detail. By combining the decay constants calculated by Gamow's theory with the fact that the probability that a y-ray is produced is between 105 and 106 times as large as that for emission of a long range a-particle, they were able to estimate the lifetime against y-ray emission to be of the order 10 1 s. T hey also noted that a-particles associated with the radiation less transition are relatively m uch more abundant as for this case there is no de-excitation by radiation. T he paper also attem pted to derive semiempirical formulae for the energy levels, with some success.
A lthough m uch of the speculative part of this paper has not survived, the whole paper is of m uch interest as an example of physical argum ent, and the subject was certainly most fascinating as presented by Rutherford to a m eeting of the Cavendish Physical Society at which the present w riter was fortunate to be present. In two further papers Ellis again produced strong experim ental evidence of the relation between long range a-particles and y-ray emission in the thorium series.
The continuous $-ray spectrum
So far the experim ental results which led to such im portant conclu sions were all obtained w ith essentially the same technique that in Ellis's hands became a very effective tool indeed. However, this technique was not applicable to the study of the continuous (3-ray spectrum. W hereas there seems to have been a tendency on the part of other research workers in radioactivity in the 1920s to pay relatively little attention to this spectrum , from the outset Ellis realized its importance. In the paper by Ellis & W ooster (10) a detailed discussion is given of the problems involved. Various suggestions had been made that the energy in homogeneity of the rays arose from secondary effects such as collisions with atomic electrons after leaving the nucleus. Ellis & W ooster had no difficulty in showing such explanations to be highly implausible. W ith typical directness they pointed out that an experiment could be carried out to decide the m atter. T hus R aE (^B i ) emits only a continuous spectrum of |3-rays and no y-rays. It had been confirmed experimentally by Emeleus (1924) that the num ber of electrons em itted corresponds closely to one per nucleus disintegrating. T he maximum energy of the electrons em itted is between 1.02 M eV whereas the mean energy is near 0.3 MeV. If the energy released per second from a sample of R aE is measured by the tem perature rise on a thick-walled calorimeter enclosing the sample it should correspond to 1.02 MeV per disintegrating atom if secondary effects are responsible for the energy dispersion. If, however, the electrons have an energy distribution from the outset it will corre spond to the mean energy 0.3 MeV.
W ithout hesitation Ellis & W ooster (16) designed an experiment to make this measurement. In a footnote to their earlier paper (10) they say 'We are engaged in making this measurement at present, but it will probably be some time before we obtain definite values as only small sources are available with correspondingly small heating effects.' Small they certainly were am ounting in the actual successful experi m ent to a tem perature rise of 10-3 o C.
T hey took advantage of the fact that R aE decays to polonium (2g2 Po) with a period of 5 days. Polonium is a pure a-em itter and the energy em itted per disintegration, 5.22 x 106 MeV, well known.
If Ae, are the decay constants for Ra E and Po respectively the ratio of the heating effect in Ra E to that in Po is given at time t from the instant when the R aE is pure by (Ap Ag) e E / 2 \ xAp(e"^-e~A pf) ' where x is the ratio of the known energy given out in a Po disintegrat to that given out per Ra E disintegration. It follows that if the ratio of the heating effects can be measured as a function of t, x and hence the energy per disintegration in Ra E can be obtained. As a check on the measure ments x m ust be independent of t.
T o obtain the heating ratio the total heating effect due to both Po and Ra E was measured as a function of time for about 26 days from the time of initial preparation of the R aE source. T his always contained a small proportion of Po but, provided this was measured, the time 0 at which the source would have been free of Po could be calculated. At times ty>t0, the decay time of R aE , the R aE has decayed to a small fraction of its initial value (at 26 days the fraction is 0.027). Hence at such times the main heating effect is due to Po. T he small contribution due to R aE may be calculated from the observed effect extrapolated to the time = 0 when Ra E alone is present. Having thus obtained the heating effect due to Po at time t0 it is a simple m atter to extrapolate this back to = 0 from the standard formula for the concentration of Po, a daughter nucleus to Ra E, aslt function of t. Subtracting this from the total heating gives that due to Ra E alone as a function of t and hence the ratio of the Ra E and Po heating rates.
T he m easurement of the very small heating effects presented a very difficult problem. T his was done under conditions in which the heat loss from the calorimeter remained constant so that the heat generated was proportional to the excess of the steady tem perature reached when thermal equilibrium between heat loss and gain was attained over the tem perature of an identical calorimeter containing no R aE. T his tem perature excess was of the order 10 3oC and was measured by a system of thermocouples attached to a low resistance Paschen galvanometer with a sensitivity of 30000 divisions per m icro ampere. T he calorimeters consisted of lead tubes 13 mm long and 3.5 mm in diameter each with a central hole of a little more than 1 mm in diameter. T o reduce the effect of external tem perature variations the two calorimeters were made as nearly identical as possible and the whole calorimeter system was placed in a small cavity in a copper block.
T h e experim ental results obtained by Ellis & W ooster (14, 16) were completely conclusive. T h e heating effect due to R aE , derived as explained above, decayed exponentially w ith a decay period 5.1 days, the same as that for the decay of R aE . Values for the ratio x in (2) were independent of tt o a very close approxim ation. T h u s for t = 2.25 days, x = 15.4 and t = 26.20 days, x = 15.1 giving for the energy of disintegra tion of Ra E 3.39 and 3.40 x 105 eV respectively. Results for four different sources gave values ranging from 4.20 to 3.2 x 105eV. These values are close to the mean value derived from the observed continuous (3-ray spectrum of Ra E and smaller by a factor of 2.8 than that which would be found if the energy per disintegration were equal to the m aximum energy in the |3-ray spectrum . Ellis and W ooster thus showed clearly that the problem of the continuous spectrum could not be swept under the carpet. T h e energy distribution of the electrons applies to the prim ary pro cess-the implications of this remarkable experim ent were profound. Awareness of the problem which it highlighted may well have led Pauli to make his suggestion that a second, neutral, particle, interacting so weakly that it is not observed, is given out in p-decay in addition to the electronthe neutrino. N ot long after Pauli made his proposal Ellis & M ott (32) discussed the energy relations in |3-decay. T hey showed that a num ber of experimental results were consistent with the assum ption that the maximum energy of an em itted electron is equal to the difference between the energies of the initial and final nuclei concerned, either or both of which may be in excited states. T his was an im portant contribution which, if exactly correct, would mean that Pauli's neutrino m ust have vanishing rest mass.
It is interesting to note that, in his last publication on P-decay, opening a Discussion M eeting at the Royal Society in 1937, Ellis, commenting on the neutrino theory, emphasized that the neutrino can only be regarded as hypothetical until it is observed experimentally. However, he also stressed the value of Ferm i's neutrino theory in leading to new advances and new experiments in the subject. He referred also to the greater scope for study made available from the discovery of artificial radioactivity. In this new subject he had already been very active, beginning work soon after its discovery by Joliot and Curie in 1934. It is not surprising that he was particularly interested in the energy distribution of positrons from radiophosphorus (35, 40) among his other experiments on artificial radioactivity which he carried out with W. J. H enderson (34, 37, 38, 39) . These were the last experiments carried out in the Cavendish Laboratory and it seems that, at K ing's College, he did not plan to continue in the field in which he was so successful. His final paper from London (42) was indeed concerned with nuclear y-rays but his only other paper (43) described experiments on the resonance absorption of neutrons-a quite new subject for him.
Ellis was so successful in his research work at the Cavendish Labora tory because he saw clearly the problems involved, and quickly realized what experiments should be carried out to resolve them. Because of his practical skill he was able to design and carry out the experiments often w ith definite results. He worked well w ith young men and a large num ber of his papers were joint. There is no doubt that he contributed to a major extent to the research work in the Cavendish Laboratory in its most productive period.
King's College, London, 1936-45 By the 1930s the fame of the Cavendish was such as to ensure for R utherford's men a place high on the list for preferm ent to any Chair of Physics that might come vacant. Patrick Blackett went to Birkbeck and Nevill M ott to Bristol, both in 1933, and in 1935 James Chadwick left Cambridge to go to Liverpool. Sir M ark Oliphant, F.R .S., who suc ceeded Chadwick as one of the two Research Assistants, writes that he saw little of Ellis during the year they spent together. It may be that the break in the long association with Chadwick and R utherford was what finally determ ined Ellis to look elsewhere, and in 1936 he accepted the offer of the W heatstone Chair of Physics at K ing's College, London, in succession to Sir Edward Appleton, F.R .S.
Ellis left Cambridge and the Cavendish in 1936 on warm and friendly term s with their autocratic and at times unpredictable leader who was to die so unexpectedly the following year. Twenty-five years later he contributed to the T rinity Review (Lent 1960) a perceptive study of Rutherford, 'One aspect of a complex character'. 'I still feel', he writes, 'that extraordinary dominance that he exerts over the experimental work in which he was interested. I was working in his subject and could not help but be tremendously affected by his overpowering ability which seemed to come more from instinct than open thinking, . . . From the m om ent he came to the Cavendish I was one of R utherford's men and shall always be so'.
Ellis would know that in his new appointm ent he m ust launch out in some new direction if he was to establish his own independent reputation, leaving his (3-rays behind with N orm an Feather at the Cavendish. Sir Charles Oatley, F .R .S ., was one of the research men working there at the time and recalls how seriously Ellis took all his professorial duties, lectures, committees and so forth, yet would always find time to get to know the research workers and their problems and give encouragement where that was needed. Meanwhile he had to consider his own future and decided to follow his predecessor and live and work at the Halley Stewart Laboratory in Hampstead, an outpost of King s College, with one assistant and a technician. His two publications (42, 43) relating to this period have been discussed above. T hey may give some indication of the way his m ind was working.
T here was to be no sequel, for by 1938 all available resources of adequately qualified scientific manpower, as also materials and money, were being diverted to preparations for war. In 1939 the Physics D epartm ent of K ing's was moved down to Bristol and Ellis took a house in Nailsea. In that same year he was granted leave of absence for war work.
We have little inform ation to go on about the first part of this period of Ellis's career except that in 1940 he became a m em ber of the M aud Com m ittee. T his was the name given by curious accident to a committee of scientists, unofficial at first, but soon to be given official recognition and charged by the Cabinet with the duty of evaluating the possibility of making a device which could create a nuclear explosion. Professor M argaret Gowing notes in her authoritative work Britain and atomic energy 1939-45, how the initiative in the relevant nuclear research had passed from British to Continental workers; many of whom, fortunately, had escaped to England before, or just after, the outbreak of war. Ellis became convinced quite early on as to the possibility, and more than that the feasibility, of producing a nuclear device if adequate resources could be spared, and tried very hard to convince Sir H enry Tizard. Following a visit from Ellis, T izard noted in his diary:
'He is very confident that the uranium bomb m ight be successful if the very considerable and expensive development work can be accelerated-I said I was not at all optimistic about the scheme. In fact I was prepared to take a bet that there would be certainly no military application in this w ar.' H e prom ised to read the 'M aud' Report carefully and with an open m ind and though still not fully convinced was finally prepared (however reluctantly) to agree after Lindem ann (L ord Cherwell) had advised Churchill that while the odds were not quite the 10 to 1 on, that the scientists were giving, he, Lindem ann, was prepared to go to 2 to 1 against or 'even' money ( Tizard by R. W. Clark). It was T izard again who, when the Army Council at last agreed it would tolerate a Scientific Adviser, was asked to mull over the m atter and promised to look over possible names and send suggestions later. In the outcome the appointm ent went to C. G. Darwin, F.R .S., newly returned from W ashington, and when he left after a few months for other duties Ellis became Scientific Adviser to the Army Council in 1943.
Professor R. A. Lyttleton, F.R .S., who was a technical assistant tq Ellis at this time, writes:
'Ellis began at once to secure some capable staff, and shortly after my arrival he persuaded Sydney Chapm an, F.R .S., to join us as D eputy Scientific Adviser, which proved to be an excellent acquisi tion. I myself worked closely with Chapm an on num erous problems perm itting mathematical treatm ent. Ellis himself had an office in the main W ar Office building, but the rem ainder of us, from Chapman down, had offices on the 4th floor of the adjacent W hitehall Court. T he staff included Nigel Balchin, the novelist of Sm all back room fame, who could be relied upon to write up practically anything in a form intelligible to the military-a most useful asset indeed! T here was also J. M. W hittaker, a pure mathematician of unusual versatility. T here came and went a series of full-time soldiers temporarily assigned to Ellis's staff, but they were mainly transients, and were able to take little part in the work going on, such as it was scientifically speaking.
'T he kind of questions we studied were associated with such things as the dynamics of a flail-machine for detonating mines, and analyses of other possible m ethods of destroying or crossing minefields; applications of probability-theory to estimate the needed artillery and bombing efforts for a variety of different circumstances; frag m entation of shells and bombs; optim um distribution of armour; the vetting of inventions subm itted by members of the public and by soldiers themselves; analysis of the distribution of flying-bomb impacts over the London area; and a host of other problems, some from outside departm ents that could not agree on their solutions; anything and everything seemed to find its way to the S.A.A.C., naturally enough as the Scientific Adviser to the military, and much of it came on to us. Chapm an set a remarkable example to everyone being a person of indefatigable energy, thinking nothing of working through from 9 a.m. to 7 p.m. without even a break for lunch.
'T he locations being as they were, we saw little of Ellis himself but I know he appreciated the reliance he was able to inspire in all his staff, and the diligent work they carried out on what were really rather dull problems. Ellis himself found the high ranking military very congenial, and they in turn found that any question involving the slightest scientific content could safely be referred to Ellis, who in turn realized that a worthwhile answer or report would eventually be forthcoming from his staff.' D r J. M. W hittaker, later F.R .S., joined the departm ent in 1943 from military service in N orth Africa, and succeeded Chapm an as D eputy Scientific Adviser and also D irector of Operational Research in 1944. He writes to the effect that 'T he D irector's real job was to find out from his fellow directors the problems that they wished to have advice on and to arrange for the O.R. teams in the various theatres of war to look into them '.
In the nature of the post that Ellis held, Committees and inter-Service conferences took up m uch of his time. He was a m em ber of a committee of scientists set up by the Chiefs of Staff in D ecem ber 1944, with Tizard again in the chair, in order to evaluate the probable effect of new weapon developm ent on future Im perial Defence Policy. Although denied access to reports from the U nited States on progress with the atom bom b project their own report presented in June 1945 did correctly put nuclear energy high in the list of developm ents w ithin sight, as was confirmed in Japan in August of that year.
Ellis took no further active part in the affairs of K ing's College; he was still actively engaged on work for the W ar Office and the M inistry of Supply. He was knighted in 1946 for his work during the war. W hen offered a seat as Scientific M em ber of the Coal Board by the M inister of Fuel and Power, he was ready to accept.
T he N ational Coal Board, 1946-55
T h e structure and functioning of nationalized industries owed m uch to H erbert M orrison; the Boards were to be responsible to the appropriate M inister for their general policy and for approval of finance bu t were in all other respects independent self-governing bodies, the M inister having sole responsibility for the appointm ent of the M em bers of Boards. Em m anuel Shin well was M inister of Fuel and Power and chose as the first Chairm an Lord Hyndley, a leading city figure in the world of coal and shipping, and as D eputy Chairman, Sir A rthur Street, most able and broad-m inded of civil servants. Sir Charles Ellis was a natural choice as the M em ber to be responsible for Science, with his outstanding academic background and recent acquaintance with the interface between science and the many practical problem s presented by the Army at war, and attended the first meeting of the Board on July 1946. We are indebted to Denis Makower, the D irector of Scientific Control at the N.C.B., for an account at first-hand of the steps that Ellis took to establish a viable and productive scientific service for the coal industry where very little existed before; what he accomplished has stood the test of time.
He found the scientific service provided to the coal industry frag m ented and mainly inadequate. T here was however a well-organized and effective Coal Survey run by the D epartm ent of Scientific and Industrial Research with headquarters at the Fuel Research Station, Greenwich, and laboratories at all the principal coalfields. T he day-to-day service to the coal mines provided by the colliery companies consisted essentially of coal sampling and analysis and the statutory sampling and analysis of mine air and mine roadway dust to safeguard against the explosion hazard. T he service ranged from almost nothing at some mines to enlightened and comprehensive at others. Organized research into m ining m ethods was virtually non-existent; what work was done in this field was undertaken by universities with faculties of mining. Research on safety had high priority, for the num ber of fatal accidents in pits was still averaging 583 per year. T he Safety in M ines Research Establishments of D .S .I.R . were located at Sheffield and Buxton, both actively engaged on a wide variety of projects. T he British Colliery Owners had a small research unit, which had started in collaboration with the Medical Research Council, to investigate how pneumoconiosis, the m iners' deadly lung disease, was related to the dust that men breathed.
Ellis decided that the maximum use should be made of the facilities that already existed. T he Coal Survey organization was taken over in its entirety, as also the small staff of the Bronowski became its first Director. T he establishment was given wide term s of reference, covering all aspects of coal mining, preparation, processing and utilization, other than those being specifically undertaken by other organizations. T he Stoke O rchard laboratory was re-named the Coal Research Establish ment. Its main aim now was to improve the efficiency of coal as a fuel, and in particular to develop processes for making smokeless fuels from the high volatile coals that constitute the major part of British output and reserves. O ther objectives were to dem onstrate how industrial and domestic coke of improved quality could be produced, and to increase the quality and yields of the liquid by-products of carbonization. It was soon apparent to Ellis that one research establishment would not be able to cope with the great variety of tasks, involving different types of expertise, that needed to be tackled. In 1952, research related to coal production was concentrated at a new M ining Research Establishm ent at Isleworth, Middlesex. Its first D irector was D r L. C. Tyte. Initial research work centred on the mechanical properties of coal, studies of drilling tech niques, methods of dust suppression, and the development of instru m ents for the measurement of respirable dust and methane underground. A Central Engineering Establishment was built at Bretby in 1955 to further the development of new m ining machinery and coal preparation plant, and carry out acceptance trials, but became the responsibility of the Production M ember of the Board.
Scientific control
T h e N .C.B. in its early days was divided into eight geographical Divisions and 48 Areas, groups of Areas being responsible to Divisions. Ellis decided that it was necessary to provide the whole of the industry with a day-to-day scientific service. T he pattern of the organization quickly emerged. In each Area a routine laboratory was set up, headed by an Area Chief Scientist. At Divisional level, there was a Chief Scientist who coordinated the work of the Areas, and provided specialist advice and facilities which it was uneconomic to replicate in each Area. Responsibility for the overall direction of the Scientific service was undertaken by the D irector of Scientific Control, assisted by a small supporting staff at H eadquarters. At the outset, the work of the Area laboratories consisted mainly of the analysis of coal, mine air, respirable dust, mine roadway dust and water samples. Divisional laboratories were mostly concerned with stores testing and improving techniques for sampling and analysis. On the sound foundation that Ellis laid, Scientific Control has flourished and become an integral part of the day-to-day management of the pits. Today the work undertaken includes the design and installation of continuous mine air m onitoring systems at pits, metallurgical testing services, soil mechanics testing, assessment of materials for fire-retardance, and the development of automatic ash and m oisture m onitoring systems for use at collieries. T h e Coal Survey on its transfer from D .S .I.R . became the responsibility of the D irector of Scientific Control.
An early achievement of the M ining Research Establishm ent arose from investigations following a disastrous fire at Creswell Colliery, D erbyshire, in 1950, in which 80 miners lost their lives. T he fire was caused by the friction of a rubber conveyor belt on a stalled driving drum . Flames from the burning belting spread rapidly along the mine roadway, trapping men who were trying to escape. T he N .C .B .'s scientists cooperated with the belting m anufacturers to develop fire-resistant conveyor belting. Finding an alternative to rubber belting was not easy, but the solution that emerged was to use belts with PVC covers and a cotton carcass im pregnated with PVC. Tests for fire-resistance of belting were also quickly established.
T h e first major success with coal research took longer. W ith the Clean Air Act pending, the need arose for solid smokeless fuels suitable for use on domestic open fires instead of the traditional high volatile house coals. Ellis instituted a research program m e at the Coal Research Establishment to examine the possibility of making binderless briquettes from high volatile coals using fluidized bed techniques followed by charbriquetting. In the event this proved to be a lengthy project. This work finally came to fruition in 1965, when a large char-briquetting plant for the production of Homefire was commissioned at Coventry. This plant continues in operation, producing 260000 tons in 1979, and the fuel is widely used by householders who burn solid smokeless fuel.
Operational Research
Ellis was well acquainted with the m ethods of Operational Research, for which a new D irectorate had been established at the W ar Office in the D epartm ent of Scientific Adviser to the Army Council. T h e unit had consisted of scientists of different disciplines who by analysing oper ational data had been able to provide valuable information to the armed forces. He felt that a technique that had proved so effective in war could be equally useful to the m ining industry in peace. A small group was formed under the D irector of Scientific Control, and was one of the first industrial operational research units. Initially known as the Field Investi gation G roup, it tackled problem s of cost and performance of tunnelling m ethods and underground haulage systems, and ways of improving mine communication systems. Today this unit has the status of an independent executive, the Operational Research Executive. It has a staff of over one hundred, and carries out work not only for the N.C.B. but also for outside industry on a contract basis.
Pneumoconiosis
T he industry was greatly concerned about the large num ber of men, especially in South Wales, who were suffering from pneumoconiosis, a lung disease related to the inhalation of coal dust and which causes disablement and shortens life. In 1949, the National Coal Board, acting voluntarily on the recommendations of the National Joint Pneum o coniosis Council (N .J.P.C .), adopted standards for the amount of respirable dust in the mine atmosphere. T here was a requirem ent that any miners certified as showing that the disease had progressed by more than a specified amount, as indicated by X-ray, should be offered employment in approved conditions, i.e. where the standards were not exceeded. Further, the N.C.B. undertook to endeavour to make all working places comply with these standards. T he N .C .B .'s principal representatives on the N .J.P.C . were Ellis and the Board M ember for Production. Very little was known at the time about how dust caused pneumoconiosis, despite work being carried out by the Medical Research Council, the Safety in Mines Research Establishm ent and by the industry itself. Ellis and his colleagues decided on an all-out attack on this crippling disease. W ork on dust control and dust sampling was intensified in the coalfields, and these subjects were given priority in the M ining Research Establishm ent's programme; additionally it was decided to carry out a Pneumoconiosis Field Research U nit study of the dust breathed by miners at 24 representative pits. T his investigation was the joint responsibility of the B oard's Chief M edical Officer, D r J. M. Rogan, and the D irector of Scientific Control, M r D. Hicks. Today, m uch research still remains to be done. M en still contract pneumoconiosis, but in far less num bers than in the late 1940s and early 1950s. A significant part of what has been achieved can be attributed to the research program m e begun by Ellis and his colleagues.
Basic research
Ellis saw that if a healthy Scientific D epartm ent was to be built up in the National Coal Board it was necessary to have strong ties with the universities, and extram ural research was quickly established as part of the Board's scientific effort. M uch of this work went to universities with m ining faculties, but some was placed w ith other universities in order to widen the catchm ent area of possible recruits to the coal industry. Ellis was particularly concerned by the lack of fundam ental knowledge about the structure of coal. He felt that a proper understanding of structure would greatly improve the possibility of solving many of the industry's technical problems. He turned to the Cavendish Laboratory, and en gaged P. B. H irsch to apply precision X -ray m ethods to the study of coals. T his investigation of the X -ray scattering of a wide range of coals was more detailed than any that had been carried out hitherto and resulted in the postulation of a structural model of coal. Publication of this work also stim ulated worldwide interest in work on coal structure.
Ellis was President of the British Coal Utilization Research Association at Leatherhead. T he main research undertaken by the establishment during this period was directed towards improving boiler availability, the design of domestic stoves, and studies of coal chemistry and physics. In 1951 Ellis inaugurated the B.C.U .R.A . Coal Science Lecture. T he object was that each year an em inent scientist from this country or abroad would talk on an im portant coal science subject. T he lecture now known as the Robens Coal Science Lecture is still an annual event. It is also the occasion when scientists meet top people interested in coal and when stock is taken of the contribution that science has made and can in the future make to the m ining and utilization of coal.
The second five years
T h e N.C.B. had survived many difficulties during its first five years, including recurring fuel crises and the continuing threat of action by the miners, some undeserved attacks by politicians, and the regular at tentions of the Press. Lord Hyndley had accepted office on the under standing that it would be for one term only, but his departure was preceded by the untimely death of Sir A rthur Street, who had worked unrem ittingly for very long hours to build up a viable organization under an effective and united Board. T he remaining full-time members includ ing Ellis were re-appointed for a further term of five years. T h e new Chairm an was Sir H ubert H ouldsworth, a lawyer skilled in arbitration m atters, who had seen service in the Board as a Divisional Chairman, and there were now to be two D eputy Chairmen. Before long clear messages were emerging that all was not well with the new Board and criticism was not confined to any one Party. T he Conservatives were now in power and M r Geoffrey Lloyd was the M inister of Fuel and Power. T he Board invited five persons em inent in business and industry to advise and the five elected D r A. Fleck, the Chairm an of I.C .I., to take the Chair. T heir term s of reference were broad enough: 'T o consider the organization of the National Coal Board and to make recommendations to the Board'.
T he Committee reported at considerable length in February 1955. Some of their recommendations, as they pointed out, could only be implemented by the M inister, namely those which concerned the con stitution and m em bership of the Board. T h eir recommendation was that it should have a Chairman, a D eputy Chairman and six full-time M em bers (much as it had been during the first five years) bu t each full time M em ber now to be responsible for a specific function. (H erbert M orrison had examined this as one' of his options but rejected the idea of 'Technicians' on the Boards.)
T he M inister acted prom ptly and addressed the House on 16 February 1955 stating that the G overnm ent had decided to accept the Report and to reorganize the Board on the lines recommended. 'T h e existing Board had expressed their willingness, in order to facilitate this re-organization to resign their offices if I asked them to do so'. In the result the Chairman and the one other full-time M em ber remained in office; the resignations of the two D eputy Chairmen and Sir Charles Ellis 'a M em ber of the Board since its inception' were accepted. Ellis was bitterly disappointed at the outcome, of which apparently he had no fore-warning and for which the reason is still hard to find. He was nearing the end of his second term of office: a further five years would have seen the m aturing of the pioneer effort which he had put into the creation of a new scientific dimension in the Coal Board's operations. He was now 59, too late to go back to a university or to start a new career for the third time in his life. He was to find several outlets for his still very active mind and undim inished energy, but not again in the field of full executive responsibility.
Makower writes:
'Ellis was greatly liked and admired by his staff to whom he was always approachable. It was common practice to visit the offices of staff of all grades on Saturday mornings, and he always showed great interest in the work they were doing. His door was always open to people for advice. He attached particular importance to weekly meetings with his senior staff whom he always consulted on m atters of policy. Absence of the D irector G eneral or a D irector was no reason for that function not to be represented; a substitute had to be in attendance, come what may. Ellis was an extremely generous man. Every Christm as he invited all his headquarters staff, some 60 or 80 people, to a party which he paid for out of his own pocket; it never occurred to him that the party should be organized in any other way.'
British American T obacco Co., 1955-72 In 1955 Ellis was appointed Scientific Adviser to the board of British American Tobacco Com pany Lim ited. At this time, the tobacco industry was faced w ith the twin challenges of m odernization on the one hand and w ith the realization that there existed a statistical connection between the habit of smoking and a num ber of serious diseases. H itherto, tobacco m anufacture, like brewing, had been essentially a craft industry and Ellis saw the necessity of establishing research groups of scientists and engineers to undertake the study of the fundamentals of the m anufactur ing process and the complicated reactions which occur when a cigarette is smoked.
T h e research departm ents of British American Tobacco, which already existed at Liverpool, Louisville, M ontreal and H am burg, were es sentially control laboratories concerned with the specifications of p u r chases of cigarette paper, board and chemicals and natural materials used in the m anufacture of proprietary tobacco flavours. Ellis advised recruit m ent into the company of a nucleus of organic and physical chemists and physicists, who had dem onstrated research ability in their previous posts. These were put together with a small num ber of adm inistrators and engineers with experience in the working of the Company, in a new R. & D . establishm ent at Southam pton and were sub-divided into small groups, each with a well-defined research objective, but which was of broad scope in each case. T he groups which were investigating the fundamentals of tobacco smoke composition and particle size took rather more of Ellis's attention. D r G. Felton writes:
'It was not the case that he directed the research-he could not, because it was often on m atters of which he had little knowledge. Often, it was the case that he had to be educated in basic organic findings. But he was a quick learner and employed a technique of interrogation to ensure he understood the work. Woe betide any young chemist upon whom Ellis descended with his black loose-leaf notebook, who did not rem em ber an unguarded speculation he may have advanced at an earlier inquisition! " But last time we spoke D r X, you said that perhaps ..." and the poor man was left to explain why he had not followed up a half-baked idea which was beyond the resources available to him. T his approach not only instilled en thusiasm into the group, but won their adm iration and affection. It eliminated sloppy thinking and led them to push their imaginations to the limit in designing the crucial experim ent which would convince him. " W rite me a 'm em o' about th at" was the accolade!' Ellis was also responsible for advising on the enlargement of research facilities among B .A .T .'s overseas associate companies. He had, as his goal, the creation of a network of R. & D. laboratories with interlocking programmes of work, m utually complementing each other and all directed at the fundam ental problems facing the company world wide. He found it impossible, however, to do this because of the decentralized structure which B.A .T. had adopted for its commercial organization, and regretfully had to abandon his idea.
T he establishm ent in the early 1950s of a statistical association between smoking and various diseases was seen by Ellis as a challenge to be met. He was anxious to investigate the possibility that cigarette smoke contained substances which m ight be considered harm ful and, if so, to discover ways of reducing or removing these or even preventing their formation. Small groups of chemists and physicists became engaged on the m easurem ent of cigarette com bustion tem peratures and the deter mination of polycyclic hydrocarbons in cigarette smoke. Using the equipm ent of classical physics and chemistry, with which Ellis was familiar and which he recommended, this was an uphill task which was, however, accomplished.
At first he distrusted newer techniques such as gas-liquid chrom a tography and the use of photoelectric spectrophotom eters and spectrofluorimeters, but was eventually won over to accept what he called 'black boxes'. Because he understood the physical principles and quickly grasped the significance of smoke particle size as an im portant factor in inhalation, he pressed for a fundamental understanding of the physics of tobacco smoke. For some years, he directed some contract research on this subject in a private laboratory in M artha's Vineyard, M ass., U.S.A ., and enjoyed his visits there each summer, returning with num erous electron micrographs with which he occupied his time for many weeks afterwards. T he electrical properties of tobacco smoke aerosol and questionable significance of positive and negative gaseous ions were other interests of his.
A major preoccupation during the early 1960s was the attem pt to develop a mathematical model to describe the generation and repyrolysis of filtered smoke during the interm ittent puffing and smouldering processes of cigarette combustion. From first principles, he developed an equation involving a num ber of empirical quantities characteristic of the tobacco and the physical design factors of the cigarette. At that time, a total solution was not possible, because com puters were not easily available, but the enthusiasm and drive which Ellis instilled in the team led to many advances w ithout which the understanding of cigarette design would not have been attained so readily. He was anxious to test certain of his conclusions by the insertion of probes into the gaseous and particularly the burning 'coal' and analysis of the gaseous products so obtained; techniques which have only been realized in recent years by R. R. Baker and K. D. K ilburn at Southam pton.
He was a pioneer in pressing for detailed studies into the motivations of smoking, both pharmacological and psychological. M aking the working hypothesis that any potentially harm ful constituent in smoke was as sociated with the particular phase, he pressed for two developments. T he first of these was the 'uninhalable cigarette' which would satisfy the psychological motivations for smoking, while yielding a smoke which was obnoxious to inhale; the second was the 'zero ta r' cigarette, a device which would deliver nicotine aerosol w ithout any com bustion products. M uch later, these concepts have both been advanced in public by other workers in a somewhat modified form.
In 1956, the U .K . tobacco industry set up the Tobacco M anufacturers Standing Com m ittee (T .M .S .C .) w ith a Technical and Scientific Com m ittee (T .S.C .) composed of industry scientists, charged with keeping abreast of the problem s of smoking and health, which had become recognized. Ellis was one of the representatives of B.A .T. on the Committee; he was insistent on gaining an understanding of the m echan isms whereby smoke particles m ight interact with the lung epithelium. He believed that there was a gap in the logic which needed bridging and endeavoured to encourage all the young medical researchers with whom he came in contact to investigate this aspect. Meanwhile, the T .M .S .C . had been persuaded that, for further advance to be made, it would be necessary to undertake bioassay of smoke condensate from normal and from modified cigarettes. T his led to the establishment of research facilities at H arrogate on an industry basis and the transform ation of T .M .S .C . into the Tobacco Research Council. A lthough Ellis was reluctant to accept the need for such studies, he was insistent that, once they had been established, they should produce results of scientific reliability. He threw him self into the statistical problems of bioassay evaluation and encouraged the development of methods whereby reliable and reproducible data were obtained. He had an abhorrence of what he term ed 'sloppy qualitative indications' which, he maintained, were all the biological m ethods yielded.
Quite early in the controversy over smoking and health, Ellis was convinced of the need for dialogue between the industry and medical authorities. He was instrum ental in establishing a joint planning com mittee of company and independent scientists to investigate the possi bility that a ferm entation of flue-cured tobacco m ight lead to modified tobacco with more desired properties. T h e industry provided the Tobacco Research Council with suitable tobacco and cigarettes, and the independent workers carried out the biological evaluations under grants from the Council. Although the outcome was unsuccessful, the coopera tion helped to build a bridge between the two parties and, perhaps, assisted in the attainm ent of the liaison provided in the 1970s by the Independent Scientific Advisory Committee to the Secretary of State for H ealth and Social Services, under Lord H unter. In 1972, owing to ill-health he resigned from B.A.T. At first, he tried hard to remain in touch with events and developments. Every year, around m id-sum m er, he visited the B.A.T. Research Centre and closely questioned 'his boys' as to the progress of their research. T h e affection, which he had inspired in the team, was made manifest at these meetings and the dinners which preceded them , but eventually such visits had to cease as his health deteriorated.
T he Gas Council, 1955-66
T he Gas Act of 1949 created 12 independent self-accounting Area Boards each responsible for the manufacture and sale of gas within its own territory, and a Gas Council, composed of the 12 Area Board Chairm en and a Chairman and D eputy Chairman of the Council, all appointed by the M inister. T he function of the Council was mainly that of a coordinating body but it did have certain specific duties and these included responsibility for research. Tw o research stations for gas manufacture were established, one already in London and the second re located in the W est M idlands. Research on gas utilization was shared between London for domestic and the W est M idlands for industrial gas. A dm inistration of the Stations was undertaken by the Board where located and work programmes and financial provisions were examined by a Research Advisory Committee and passed to the Council for final approval. There was no H eadquarters establishment, any m atters in the research category being handled by the Council Secretariat. T he C hair man of the Gas Council, Sir Harold Smith, had met Ellis from time to time for the discussion of m atters of common interest and had a high opinion of his ability; following the events of 1955 he seized the opportunity of securing his services as (part-tim e) Scientific Adviser at H eadquarters, and a m em ber of the Research Advisory Committee.
Sir H enry Jones was D eputy Chairman of the Gas Council at the time and recalls that Ellis took his responsibilities very seriously and that he brought system and logic to bear on the Council's research activities. He helped to focus attention on projects for coal and oil gasification and would point out those long standing lines of research which appeared to have little prospect of success and should be discontinued. T he late 1950s was a period of grave difficulty for the gas industry; sales of gas were declining and there was a lack of confidence in high places as to its ability to survive. It had been an industry based on coal for 150 years and the Coal Board was using its considerable influence to ensure that the gas industry continued to be so based. A m ajority of the Area Chairm en could see no future in coal even when gasified by one of the processes then available, and were looking to oil instead, a view which was strongly supported by Sir H arold Sm ith. M eanwhile, the M inistry was beginning to doubt the wisdom of spending any more money on research into m ethods of gasifying coal, and appointed a Com m ittee under the C hairm anship of Sir Alan W ilson, F.R .S., to investigate and report. One author (K. H .) then C hairm an of a Gas Board, was a m em ber of the Com m ittee and recalls w ith w hat care Ellis studied a submission in which towns gas was treated, not as a m ixture arising from this or that process, but as a predeterm ined m ixture of three components-methane, hydro gen and inert gas as 'ballast*. 'Now I understand', he said, 'what the gas industry is about*.
Renewal of the gas industry may be said to date from a submission by I.C .I. that their future plans were based entirely on the production of hydrogen from light fractions of oil; moreover they had perfected a process for the purpose and were ready to license it to any Area Board that cared to apply. T h e N orth Tham es Gas Board was near to concluding an agreement for delivery of dem onstration cargoes of liquified methane in a specially constructed tanker to their Canvey Island term inal, and the M idlands Research Station under its D irector, the late D r F. J. D ent, F.R .S., was ready with two new processes for making the rich gas com ponent from light oil fractions. T h e new products were all cheaper than anything that could be made from coal, and sales started to recover and soon reached a cumulative 10% per annum increase. Ellis was delighted and appreciated the need to divert all available resources to the problem s arising from such a rapid increase in demand, but he was concerned lest the Council lose sight of the necessity to revise its thinking about future research objectives. T his led to the decision to establish a new 'Basic Research G roup' alongside the London Research Station, and the person appointed to be Head of the G roup, D r Gray, is now D irector of the Research and Developm ent Division of the British Gas C or poration and the joint author of this memoir.
It was in 1961 that he was approached by Ellis and invited to apply for the post. He remembers very well being interviewed by the other joint author (K. H.) and Sir Cyril Hinshelwood, F.R .S.-when Ellis sat in the background-as if having initiated the process he felt that he should act only as an observer. T h e formation of the Basic Research G roup gave new impetus to recruiting with Ellis always insisting on the maintenance of high standards throughout, both in the appointm ents and thereafter in the performance of researchers; this was probably one of his most valuable contributions to the gas industry.
Engineering developm ent had always been the province of the (largely independent) Area Boards, and the appointm ent of D. E. Rooke (now Sir Denis Rooke, F.R .S., Chairm an of the British Gas Corporation) as Gas Council Development Engineer, provided for the first time a coordinat ing influence, and at the same time indicated areas in which research was badly needed, as in materials science, to meet the demanding require ments of high pressue and high tem perature technologies. T he London Research Station, under its Director, G. U. Hopton, became parent to a new Engineering Research G roup, in the setting up of which Ellis took a decisive part. T he G roup became the nucleus of the third in line of the Gas Council's Research Stations when it moved to Killingworth, near N ew castle-upon-Tyne, in 1966, pursuing under its D irector, J. L. van der Post, the high standards of recruitm ent and performance on which Ellis had insisted.
T here were further changes by which Gray took over the London Research Station along with the Basic Research G roup, and H opton moved to H eadquarters to deal with the administrative work formerly handled by a small staff under Ellis; who was now able to relinquish most of the day-to-day work while remaining a M em ber of the Research Advisory Committee. From 1961 From to 1968 Ellis was Chairman of a new Programme Subcom m ittee responsible for formulating the overall programme of research to be put to the Research Committee and then to the Gas Council, for approval. Planning procedures were set up for the first time, establishing a rolling five-year programme so that the Research Stations could plan ahead w ithout being subject to change at short notice. Such changes w hether involving a decrease or an increase in resources, especially staff, are very difficult to accommodate w ithout adequate warning.
In 1969 the Council appointed its first D irector of Research and Ellis relinquished the last of his activities, other than as an External M em ber of the Research Committee, an appointm ent he held until his death in 1980. G reat technological changes revolutionized the Gas Industry in Ellis's time: Research and Development played an im portant part and his enthusiastic support for a long term strategy, and his insistence on high standards, have made a vital contribution to the technological success of the industry.
Other activities
Ellis was a G overnor of Harrow School and of the Administrative Staff College, Henley, and was the Civil Defence Senior Scientific Adviser, London Region. In 1945 he was made a D irector of the Finance Corporation for Industry. It was the first of such Governm ent-sponsored bodies set up in the postwar period in order to channel the flow of capital to meet the requirem ents of Industry, and he remained a D irector until 1969. His appointm ent as a full-tim e M em ber of the National Coal Board would preclude other activities in commerce and industry. On leaving the Coal Board he had, in addition to the appointm ents covered in foregoing sections, advisory or consulting appointm ents with the Battelle Institute and w ith C harrington's.
Retirement
He retired as Scientific Adviser to the Gas Council in 1966 but remained as an external m em ber of the Research Advisory Committee, and from British American Tobacco in 1972. He continued, however, to take an active interest in its affairs as long as he was physically able. He was a m em ber of the Royal Society D ining Club.
It could be said that Ellis enjoyed the good things of life but above all insisted on physical fitness, swimming every day in his own pool, and sometimes when weather and the hours of daylight perm itted, playing seven holes of golf before breakfast and catching his train to London. His attitude to life in retirem ent can best be summed up in a brief exchange of letters w ith N orm an de Bruyne, F.R .S., of New Jersey, U .S.A ., Lancing, and T rin ity College, Cam bridge, of which College he became a Fellow. Charles Ellis had been his director of studies.
'N. A. de B. to C. D. E.
13 Septem ber 1974 I noticed your name in The Times list of birthdays of distinguished people and that you are now in your eightieth year. C. C. W alker who was Chief Engineer at de H avilland's (and who like you had a great influence on my life), said that when you are eighty it takes nearly all one's energy to keep moving, leaving little time for anything else. I Hope that I am not intruding on your " little tim e" , but you and G. I. Taylor are about the only men left of that wonderful group re sponsible for a golden age of physics at Cambridge fifty years ago, and if it is possible I would like so m uch to hear how you are. '. . . . and I rem em ber you advising me to take up " solid state" research into the properties of semi-conductors-advice which I (wrongly) never took. You had a style as a teacher which was unique: you explained Boltzman's law of division of energy among molecules in a memorable phrase " it is just the higher the fewer" . And you and Polly introduced me to Portschach and the W orthersee.' 'C. D. E. to N. A. de B.
20 Septem ber 1974 It was charming of you to write to me and I greatly enjoyed hearing from you. Your friend's remark, C. C. Walker, about the difficulty of keeping moving really rang a bell with me; that is just my trouble. I live alone, Polly died eight years ago and I have a housekeeper in five days a week for a few hours, but I get very tired with doing very little.
I have given up most of my work and ju st keep on relations with the Gas Council which is enough for me.
'I well rem em ber the holiday down at the W orthersee and have very happy memories of it... . How carefree it all was and how easy it was to make arrangem ents. ' 'I am very lucky in not having a pain anywhere, no rheum atism or arthritis, just a rather dicky heart. I am fond of cooking and having plenty to drink. So that is rather a good report. We are just now running up for an election and the posturing and insincerity of the politicians are sickening. But yet I would rather live here than anywhere else, and on the whole we have less trouble.' 'N. A. de B. to C. D. E.
14 October 1974 Your letter is a tonic-not a moan anywhere. I shall treasure it. Meanwhile I will follow your example and count my blessings. Plato (or Socrates) said that the fact of not having a toothache does not make a man happy. On the other hand, to rem ind myself of my blessing is an excellent way to combat my time wasting habit of mentally rewriting history.' W ith advancing years, decreased mobility and the growing need for more nursing attention, Ellis decided to move into a small bu t convenient bungalow, and it was then, as already related, that he decided to make a clean sweep of all his letters and papers.
'For what has been has been And I have had my ho u r.' Just two weeks before he died he moved into a nearby nursing home, in order to have the attention he required over the Christmas Holiday period; and two days before the end he was telling M rs Desmond Ellis that he would have to move to where the food was better; he had been given baked beans 'for the first time since he was at H arrow '. In accordance with his instructions, his ashes were sent out to Switzerland to be near those of his wife.
We wish to express our gratitude to Sir Denis Rooke, F.R .S., for allowing us to use the resources of the Research and Development Division of the British Gas Corporation; and in particular to Miss Joyce M archant of that Division for her assiduous pursuit of information and skilful marshalling of the facts, w ithout which our task would have been impossible; to Sir Alan Wilson, F.R .S., a contem porary of Ellis as Fellow of Trinity, for continuing help in the search for and selection of material for this memoir; to M r D esm ond Ellis (no relation) who was formerly in the British Gas Corporation, and to M rs Ellis, both neighbours and friends of Charles and Paul Ellis at Cookham Dean for information about Ellis in retirement, and for guidance in some of our further enquiries; to (6) 
